Introduction 48
H. pylori chronically colonizes the gastric mucosa of about half the world´s population (Parkin, 2006) . 49
Infections can lead to ulcers, lymphoma of the mucosa-associated lymphoid tissue (MALT) and gastric 50 adenocarcinoma (reviewed in (Salama et al., 2013) ). It appears in two major strains, defined by the 51 absence or presence of a type IV secretion system (T4SS), encoded by the cag pathogenicity island 52 (cagPAI) that functions in the translocation of H. pylori's only known effector protein, CagA, into host 53 cells, where it is phosphorylated (Backert et al., 2000) . The cagPAI positive strains exhibit particular 54 strong inflammatory potential and increased pathogenicity (Blaser et al., 1995; Crabtree et al., 1991) . 55
Activation of the transcription factor family nuclear factor kappa B (NF-κB) plays a central role in 56 inflammation and carcinogenesis (DiDonato et al., 2012; Pasparakis, 2009 ). It can be triggered by various 57 stimuli, such as the inflammatory cytokines tumor necrosis factor α (TNF-α), interleukin 1β (IL-1β), and 58 infections by various pathogens. The NF-κB family is comprised of five members, including p65 (RelA), 59 which in the inactivated state is sequestered in the cytoplasm by its inhibitor, inhibitor of kappa B alpha 60 (IκBα). Upon activation, the IκB kinase (IKK) complex phosphorylates IκBα, which is subsequently 61 degraded to release p65 for translocation into the nucleus, where it guides the transcription of target 62 genes linked to inflammation and anti-apoptosis (Hacker and Karin, 2006; Hoffmann and Baltimore, 63 2006 ). Its dual function in activation of inflammation and cell survival makes NF-κB a lynchpin in disease 64 development. These features are of particular importance in the gastrointestinal system, where chronic 65 inflammation and tissue damage act as tumor promoters (Quante and Wang, 2008) , but our 66 understanding of the underlying regulatory network is still incomplete for many inducers. (Gewurz et al., 2012) , Neisseria gonorrhoeae (Gaudet et al., 2015) , and Shigella flexneri infections 71 4 (Milivojevic et al., 2017) . These studies have shown that NF-κB signaling, although sharing core elements, 72 is highly complex and diverse. 73
Here we report on a high content cell-based RNAi screening approach, addressing H. pylori-induced NF-74 κB activation. Amongst several host factors, we identified α-kinase 1 (ALPK1) and TRAF-interacting 75 protein with FHA domain (TIFA) as key mediators of H. pylori induced NF-κB activation. Upon H. pylori 76 infection, TIFA undergoes the formation of large protein complexes (TIFAsomes), including TRAF2 and 77 additional host factors involved in NF-κB signaling. We demonstrate that the bacterial metabolite 78 heptose-1,7-bisphosphate (HBP) triggers this particular route of NF-κB activation in a T4SS-dependent 79 manner. Our findings reveal important mechanistic insight into the ability of the innate immune system 80 to discriminate between less and highly virulent H. pylori traits (Koch et al., 2016) and the process of NF-81 κB activation that depends on the pathogen's T4SS (Backert and Naumann, 2010) . 82 83 Results 84
New regulators of H. pylori-induced NF-κB activation 85
As a read-out system for the identification of factors involved in NF-κB pathway activation we used 86 nuclear translocation of a p65-GFP fusion protein which is amenable for analysis by automated 87 microscopy (Bartfeld et al., 2010) ( Figure 1A) . Besides H. pylori, we used TNF-α and IL-1β as stimuli for 88 NF-κB activation. Robustness of the system was assessed by targeting known factors of the NF-κB 89 pathway. Accordingly, knockdown of TNF-α receptor 1 (TNFR1) and of the adaptor protein myeloid 90 differentiation primary response protein 88 (MYD88) blocked the signals by TNFα and IL-1β, respectively. 91
Moreover, combined IKK-α and IKK-β knock-down abolished activation by TNFα, IL-1β as well as by H. 92 pylori ( Figure 1B ). Details of three screens performed are summarized in Figure S1A -C. The first screen 93 using a human kinase siRNA library yielded 15 primary hits with increased responsiveness to H. pylori 94 infection, 4 of which were confirmed by at least 2 independent siRNAs. These included 2 genes not 95 previously implicated in NF-κB signaling: ALPK1 and CDC2-related kinase, arginine/serine rich (CRKRS) 96 (Bartfeld, 2009) (Table S1 ). To extend our search, a second screen was carried out with only H. pylori 97 infection as inducer, using two siRNA libraries targeting the whole and the druggable genome. This 98 analysis yielded 347 hits: 235 positive and 112 negative regulators. Out of these, 200 of the positive and 99
Role of ALPK1 in NF-κB activation 141
To further consolidate the function of ALPK1 in H. pylori-specific NF-κB activation, an ALPK1 deficient cell 142 line was generated using CRISPR/Cas9 technology ( Figure S2A and S2B). Knockout of ALPK1 in several 143 independent cell lines fully prevented p65 translocation after infection (Figure 2A ), more strikingly than 144 any of the siRNAs did. Yet, ALPK1 knockout did not affect the response to TNF-α or IL-1β ( Figure 2B ). 145
Consistently, ALPK1 deficiency abrogated infection-induced TAK1 and IκB-α phosphorylation and 146 subsequent IκB-α degradation but did not influence the response to TNF-α treatment ( Figure 2C ). Cells 147 lacking ALPK1 were unable to mount an IL-8 response upon infection, as evidenced by significantly 148 reduced IL-8 mRNA levels in infected ALPK1 deficient cells ( Figure 2D ). To test if p65 translocation could 149 be rescued, ALPK1 deficient cells were transfected with recombinant Myc-Flag-ALPK1. Indeed, only 150 rescued cells exhibited NF-κB activation upon H. pylori infection ( Figure 2E 
TIFA is crucial for H. pylori-induced NF-κB activation acting downstream of ALPK1 155
Simultaneously, we also tested CRISPR/Cas9-generated TIFA knockout cells to illuminate its role in 156 H. pylori-specific NF-κB activation ( Figure S2C and D) . Interestingly, the TIFA knockout line failed to show 157 any sign of H. pylori-specific NF-κB activation, even after extended monitoring for 3 h (Figure 2A ), while 158 p65 translocation readily occurred upon treatment with IL-1β or TNF-α ( Figure 2B ). Further, knockout of 159 TIFA specifically abrogated H. pylori-induced phosphorylation of TAK1 and IκBα, as well as the 160 subsequent degradation of IκBα ( Figure 2C ) but had no effect on TNFα-induced TAK1 and IκBα 161 phosphorylation. Consequently, TIFA knockout cells did not show IL-8 mRNA expression upon infection, 162
as measured by qRT-PCR 3 h p.i. ( Figure 2D ). Next, we sought to determine the cellular localization of 163
TIFA by confocal immunofluorescence microscopy. Non-infected AGS SIB02 cells transfected with Myc-164
Flag-TIFA revealed diffuse TIFA fluorescence (red) throughout the cytoplasm and the nucleus whereas 165 p65 location (green) was restricted to the cytoplasm and excluded from the nucleus ( Figure S3A confirmed infection-induced TIFAsome formation (from 7 min p.i.) and p65 translocation (from 12 min 9 p.i.) only in transfected cells (Movie S1). TIFAsome formation could not be observed in ALPK1 deficient 179 cells but was rescued by co-transfection with ALPK1 ( Figure 3B ) indicating that ALPK1 acts upstream of 180 TIFA and thus plays a crucial role in the phosphorylation of TIFA T9 required for TIFAsome formation. 181 182 TIFAsomes are multifactorial protein complexes 183
To identify protein-protein interactions (PPI) of TIFAsomes by mass spectrometry (MS) we used a Myc-184
Flag-TIFA fusion, which was transiently overexpressed in AGS cells for pull-down of TIFA associated 185 proteins (Table S3 ). MS discovered a total of 77 TIFAsome associated proteins that were enriched after 186 H. pylori infection were identified by MS. The identified TIFA-binding proteins were used to generate PPI 187 network graphs using STRING ( Figure S3B ). Interestingly, our data revealed that TIFAsomes contain 188 several classical NF-κB key regulators, including TAB2 and TRAF2. Moreover, TRIM21, a factor involved in 189 ubiquitination and proteasomal degradation, was enriched in this complex, consistent with its known 190 role in NF-κB regulation (Oeckinghaus et al., 2011) . Other prominent components of the TIFAsomes 191 included the microtubule-and actin-associated proteins KIF11 and myosin IIA. Intriguingly, myosin IIA 192 has been reported to be a target for ALPK1 in patients with gout (Lee et al., 2016) . We also identified 193 annexin A2, which was previously shown to interact with the p50 subunit of NF-κB to regulate p50 194 complex translocation into the nucleus (Jung et al., 2015) . TRAF2 was chosen as an example for 195 In line with a number of previous studies (reviewed in Backert and Naumann (2010) p65 translocation, 201 TAK1 activation and IL-8 mRNA upregulation in our system were dependent on the T4SS, but not on CagA 202 ( Figure S4A -S4C). To test whether activation of the ALPK1-TIFA axis itself also depends solely on T4SS 203 function, we transfected AGS SIB02 cells with Tomato-TIFA for monitoring TIFAsome formation after 204 infection ( Figure 4A ). As anticipated, TIFAsomes quickly formed after infection with wild type and CagA-205 deficient H. pylori but not the T4SS-deficient cagPAI mutant ( Figure 4A ). To test whether ALPK1 or TIFA in 206 turn have an impact on CagA translocation, we determined CagA phosphorylation. Interestingly, CagA 207 phosphorylation readily occurred in TIFA-or ALPK1-deficient cells ( Figure 4B ), suggesting that neither of 208 the two factors is required for CagA translocation. To extend this analysis to other factors previously 209 associated with CagA translocation, we generated a CRISPR/Cas9 knock out of the carcinoembryonic Discriminating pathogenic from non-pathogenic microbial traits is a prime function of the innate immune 256 system and the epithelial barrier is equipped with exquisite sensory means to accomplish this task. We 257 were interested in understanding the basis of the innate recognition of highly pathogenic strains of 258 programs co-regulated with ALPK1. Specificity for H. pylori was also seen for two acetyltransferases, 294 ARD1 and NARG1. Moreover, immune precipitation of TIFA revealed a large protein complex consisting 295 of factors that likely integrate signals upstream from ALPK1 and guide them towards the more classical 296 NF-κB route. In fact, TIFAsomes contained a number of core NF-κB pathway components, including 297 TRAF2 and TAB2, as well as many more, whose contribution to NF-κB signaling (and potentially also 298 additional pathways) awaits future analysis. Interestingly, ALPK1 itself did not co-localize with 299 TIFAsomes, as evidenced by both immune precipitation/mass spectrometry and immunofluorescence of 300 transfected cells, pointing towards a transient or indirect phosphorylation mechanism of this kinase. 301
15
As the H. pylori component responsible for NF-κB activation, we here identify the small molecule 302 metabolite βHBP, which is a precursor of LPS previously recognized as a PAMP of several Gram-negative 303 bacteria, including N. gonorrhoeae (Gaudet et al., 2015) and S. flexneri (Milivojevic et al., 2017) . We 304 demonstrate the strict dependency of NF-κB activation on the pathogen's functional T4SS, suggesting 305 that it delivers βHBP to the inside of host cells. Accordingly, mutants of not only the T4SS, but also the 306 seeded onto 96-well plates and transfected using the RNAiFect Transfection Kit (Qiagen). One day after 364 transfection, cells were split into new wells (96-well-plate or 12-well-plate according to experimental 365 setting). Experiments were conducted after a minimum of 60 h to allow reduction of target protein 366 levels. Data was normalized (either using plate-median or, in comparison, z-score) and significance was 367 assessed with Welch's t-test. Primary hits were identified combining statistical significance (p-value 368 ≤0.05). For the validation screen the 5% top candidates were taken into account for further analysis and 369
an additional 4 siRNAs were tested and hits were confirmed with at least two siRNAs each with a z-score 370 of ≤-1 or ≥1. the mean z-score of four experiments using this pool is shown. To identify primary hits. bold colored font 458 marks the z-score in the condition in which the gene scored as a primary hit during the primary screen 459 (red for inhibition, blue for promotion of p65-translocation). In the hit validation four siRNAs per gene 460 were tested separately and for each siRNA. a mean z-score of four experiments was calculated. Here, the 461 sum of the z-scores of four siRNAs is shown. To identify z-score sums composed of at least two effective 462 siRNAs with z-scores of ≤-1 or ≥1. Bold colored font marks the z-score-sum in the condition in which at 463 least two siRNAs were effective (red/blue as above). Colored cells and gene names in bold colored font 464 indicate confirmed hits, defined as genes where at least two siRNAs were effective in the hit validation in 465 the same condition as it was selected for in the screen (red/blue as above). 466 467 Table S2 Results of primary and validation screen. Primary screen: 24,000 genes were silenced using 468 Qiagen siRNA libraries. NF-κB activation was induced with H. pylori. Experiments were done in triplicates. 469 
